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6ABSTRACT
The microbial community composition is among the most important factors to 
consider, when pesticide removal from the environment is planned by indigenous 
microbial consortia. The main interest of this study was to assess relationships 
between pesticide contaminations from the past, microbial community compositions, 
physico-chemical conditions, and pesticide dissipation. The microbial communities 
were studied by lipid biomarkers. Samples were collected from surface soils to 
deep drilling sediments and groundwater deposits, which had the long history of 
pesticides such as atrazine, 2,6-dichlorobenzamide, simazine, 1,1,1-trichloro-2,2-
di(4-chlorophenyl)ethane (DDT), hexachlorobenzene (HCB), and pentachloroaniline 
(PeCA). The microbial lipid quantities and community compositions were generally 
dependent on organic matter (OM) content and soil type. Microbial biomass and 
cell numbers decreased with increasing depth and varied more on the top soil layers 
than in the deep sediments. Generally, the quantity of phospholipid fatty acids 
(PLFAs) was higher than that of glycolipid fatty acids (GLFAs) but lower than the 
quantity of neutral lipid fatty acids (NLFAs), when the amounts of main nutrients 
were balanced. However, in groundwater deposits and deep drilling sediments 
?????????????????????????????????????????????????????????????????????????????
PLFAs. The quantity of NLFAs seemed to increase with soil OM content and excess 
carbon. 
Microbes in all polluted samples seemed to be adapted to pesticides. Pesticide 
impacts on microbial community composition were few and no stress were found in 
???? ????????????????????? ???????? ???????? ????????????? ????????????? ?? ???????????
the groundwater, as well as DDT, HCB, and PeCA in surface soils seemed to mainly 
increase microbial activity compared to controls. The effects of DDT and its residues 
on microbial lipids were minor, though their persistence was high in soils with low 
OM content. HCB and PeCA were more persistent in soils with high OM content 
and their effects on microbial lipids were more numerous. The indigenous microbes 
of groundwater pipe A deposits were capable of atrazine biodegradation in aerobic 
conditions though nutrient levels were low, when C/N-ratio was near to optimal. 
Possibly Gram-positive bacteria and fungi were related to atrazine biodegradation. 
7TIIVISTELMÄ
Kun suunnitellaan torjunta-aineiden poistamista maaperästä ja pohjavedestä mik-
robien avulla, on kohteen alkuperäisen mikrobiyhteisön rakenteen tunteminen 
tärkeää. Tämän tutkimuksen päätavoitteena oli selvittää vuorovaikutuksia kauan 
jatkuneen torjunta-aineiden aiheuttaman pilaantumisen, mikrobiyhteisön raken-
teen, maaperän ja pohjavesiympäristön koostumuksen ja torjunta-aineiden hajo-
amisen välillä. Mikrobiyhteisön rakennetta tutkittiin lipidibiomarkkerien avulla. 
Tutkitut näytteet sisälsivät nykyisin EU-maissa kiellettyjä torjunta-aineita kuten 
atratsiini, simatsiini, 2,6-diklooribentsamidi, 1,1,1-trikloori-2,2-di(4-kloorifenyyli)
etaani (DDT) ja sen hajoamistuotteet 1,1-dikloori-2,2-di(4-dikloorifenyyli)etaani 
(DDD) ja 1,1-dikloori-2,2-di(4-dikloorifenyyli)etyleeni (DDE), heksaklooribentseeni 
(HCB) ja pentakloorianiliini (PeCA, pentakloori-nitrobentseenin hajoamistuote).
Maan orgaanisen aineen määrällä ja maalajilla oli suurin vaikutus mikrobi-
en biomassaan ja mikrobiyhteisön rakenteeseen. Mikrobien biomassa ja solujen 
lukumäärä vähenivät syvyyden kasvaessa, vaikka mikrobimäärien vaihtelu oli sy-
vällä vähäisempää kuin pintamaassa. Torjunta-aineiden vaikutus oli havaittavissa 
lähinnä mikrobipopulaatioiden adaptaationa torjunta-aineille. Lisäksi mikrobien 
aktiivisuus oli korkeampi pilaantuneissa maissa kuin puhtaissa. 
DDT ja sen hajoamistuotteet DDD ja DDE säilyivät vuosikymmeniä vanhojen 
taimitarhojen pintamassa. Hiekkamaassa, jossa orgaanisen aineen määrä oli pieni, 
DDT-pitoisuudet olivat suurempia ja vaikutukset mikrobiyhteisön rakenteeseen 
vähäisemmät kuin enemmän orgaanista ainetta sisältävässä maassa. PeCA ja HCB 
osoittautuivat yhtä pitkään säilyviksi kuin DDT, mutta toisin kuin DDT, niiden 
pitoisuudet olivat suurempia ja vaikutukset mikrobiyhteisöön lukuisammat niissä 
maissa, joissa oli enemmän orgaanista ainetta.
Pohjaveden omat mikrobit, jotka oli otettu yhdestä pohjaveden näytteenottoput-
kesta, pystyivät laboratoriokokeissa hajottamaan atratsiinin nopeasti, kun muissa 
pohjavesiputkissa atratsiinin hajoaminen oli hidasta. Atratsiinin hajoaminen ta-
pahtui hapen läsnä ollessa, vaikka ravinnetaso oli alhainen, mutta hiili-typpi suh-
de oli lähellä optimaalista. Gram-positiivisten bakteerien ja sienten määrät olivat 
korkeammat atratsiinia hajottaneessa mikrobiyhteisössä kuin muissa pohjavesi-
putkissa.
8ABBREVIATIONS
BAM 2,6-dichlorobenzamide
cy/pre the ratio of cyclopropyl fatty acids to their monoenoic precursors
DDD 1,1-dichloro-2,2-di(4-dichlorophenyl)ethane
DDE 1,1-dichloro-2,2-di(4-dichlorophenyl)ethylene
DDT 2,4-DDT:1,1,1-trichloro-2,2-di(4-chlorophenyl)ethane
 4,4-DDT: 1,1,1-trichloro-2-(2-chlorophenyl)-2-(4-chlorophenyl)ethane
DEA desethylatrazine
DEDIA desethyldeisopropylatrazine
DIA deisopropylatrazine
EU European Union
FA fatty acid
GL glycolipid
GLFA glycolipid fatty acid
HCB hexachlorobenzene
K-W Kruskal-Wallis test
MW molecular weight
M-W Mann-Whitney test
NL neutral lipid
NLFA neutral lipid fatty acid 
OM organic matter
PCA principal component analysis
PCNB pentachloronitrobenzene
PeCA  pentachloroaniline
PL phospholipid
PLFA phospholipid fatty acid
s.d. standard deviation
SRB  sulfate reducing bacteria
TBSA tuberculostearic acid
unsat/sat the ratio of unsaturated fatty acids to saturated fatty acids
91 INTRODUCTION
1.1 PESTICIDES IN THE ENVIRONMENT
Pesticides are used for weed, insect, and fungal control largely in agricultural areas 
and in gardens, railways, roads, and industry (Okutman Tas and Pavlostathis 2007). 
Pesticide use is troublesome due to toxicity, persistence, and the rise of resistant 
species in ecosystems. Though the properties of pesticides, such as chemical 
structure, functional groups, molecular weight, solubility, vapor pressure, toxicity, 
and sorption to particles, determine the major part of the pesticide outcome in the 
environment, soil or sediment characteristics, such as pH, humus content, clay, and 
????? ??????????????????? ????????? ??????????? ???????????????????? ??? ???????????
1995, Welp and Brümmer 1999, Johnsen et al. 2001, Qui and Davis 2004). There is 
a consensus among researchers that microbial degradation is the principal removal 
process for most pesticides in the environment (Aislabie and Lloyd-Jones 1995, de 
Lipthay et al. 2004, Holden and Fierer 2005). This biodegradation process involves 
the break-down of chemical bonds of the compound to smaller units by microbial 
enzymes (Atlas and Bartha 1998). Besides microbes carrying appropriate enzymes, 
a number of environmental factors must be favorable to biodegradation; e.g. soil 
type, moisture, pH, temperature, salinity, redox-potential, nutrient availability, 
?????????????????????????????????????????????????????????????? ?????????????????
biodegradation rate. In addition, microbes or microbial enzymes must be in 
contact with the pesticide (Aislabie and Lloyd-Jones 1995, Briceño et al. 2007). 
Biodegradable pesticides may serve as an available source of nutrients, like carbon 
and nitrogen, to microorganisms, and stimulate bacterial productivity (Haney et 
al. 2000, Downing et al. 2004, Shapir et al. 2007).
The degradation products of pesticides, as well as the parent compounds, may 
be found in air, soils, sediments, surface and ground waters, and in non-target 
organisms even decades after pesticide application in the environment (Meijer et 
al. 2001, Jablonowski et al. 2008). This concerns especially recalcitrant chlorinated 
compounds, such as insecticide 1,1,1-trichloro-2,2-di(4-chlorophenyl)ethane (DDT), 
fungicides hexachlorobenzene (HCB), and quintozene, which is the trade name 
for pentachloronitrobenzene (PCNB), and degradation products (Stevens et al. 
2003, Katsoyiannis and Samara 2004, Gaw et al. 2005, Muir and Sverko 2006, 
Okutman Tas and Pavlostathis 2007, Eganhouse and Pontolillo 2008). A herbicide 
atrazine (2-chloro-4-(ethylamino)-6-(isopropylamino)-s-triazine has been one of 
the most common control agents throughout the world for over 50 years. Though 
the sale of atrazine has been forbidden in European Union (EU) countries due to 
its carcinogenicity, it remains in use in many major agricultural countries, including 
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USA and China (Johnsen et al. 2001, Huang et al. 2003, Downing et al. 2004, Krutz 
et al. 2010). The slowly degradable s-triazines may leach to groundwater, and may 
be a threat for human health in drinking water resources.
1.2 NATURAL MICROBIAL COMMUNITIES 
1.2.1 Microbial communities in surface and subsoil
Soil represents diversity higher than any other natural habitat supporting the growth 
of 107–1010 prokaryotic cells per gram dry soil and biomass of 300 to 3000 kg 
per ha (Ranjard and Richaume 2001, van Elsas et al. 2007). Soil is an extremely 
heterogeneous, structured and mainly nutrient-poor habitat. The chemical, physical, 
and biological characteristics of soil are changing in time and space (Nannipieri et al. 
2003). Soil organic matter or carbon is considered to be the major factor regulating 
the size of the microbial biomass (Sylvia et al. 2005, Fierer et al. 2009). However, soil 
type, season, land management, soil pore and aggregate size, water availability and 
disturbance, and plant species and diversity are also affecting variations in microbial 
biomass (Zelles et al. 1995, Bossio et al. 1998, Grayston et al. 2001, Habekost et al. 
2008, Drenovsky et al. 2010). The spore forming bacteria, especially Streptomycetes 
and Bacillus spp., can be transported with water from surface soil to subsurface 
layers (Balkwill et al. 1997). The microbial biomass and cell numbers are shown to 
decrease with depth, but increase with layer age (Balkwill et al. 1997, Taylor et al. 
2002, Allison et al. 2007). Microbial biomass is generally 2–6 orders of magnitude 
lower in subsurface than in top soils, comprising 103 to 106 pmol per gram (Brockman 
???? ??????????????????????????????????????????????????????????????????????????
by an order of magnitude at the depth 0.8 m, which is a typical phenomenon for 
microbial distribution in soils (Federle et al.1986).
Microbial diversity or biodiversity describes the complexity and variability at 
all levels of biological organizations, including genetic distribution within species 
or populations, the abundance of species in communities, variations in community 
composition, and abundance of guilds and trophic levels in ecosystems (Torsvik 
and Øvreås 2002, Nannipieri et al. 2003). An important aspect of diversity at the 
ecosystem level is the functional diversity, which can be expressed as the number of 
????????????????????? ???????????????? ????????? ????????????? ??? ???????????????????
in the community (Torsvik and Øvreås 2007). Many investigators have reported that 
ecological functions of different bacteria may overlap in the community (Botton et al. 
2006). Within prokaryotic populations with genetic variations created by mutations 
and genetic recombination, natural selection causes high biodiversity in complex 
soil ecosystems (Torsvik and Øvreås 2007, Griebler and Lueders 2009). Due to the 
huge microbial diversity in soil, it might be more practical to determine how the 
11
microbial diversity changes across the heterogeneity of different soil habitats instead 
of the actual diversity of microbial communities (Hughes et al. 2001).
?????????? ?????????? ?????????? ????????????????? ??????????? ???? ?????????
abundance or biomass of microbial populations, such as fungi, and Gram-negative 
and Gram-positive bacteria (Jörgensen and Emmerling 2006). At site level, abiotic 
???? ?????? ????????????? ??? ????????????????????? ???????? ?????????????? ?????????
communities, which may be similar in different regions with similar environmental 
gradients (Johnsen et al. 2001, Fierer et al. 2009). The bacterial community 
composition can be explained mainly by soil pH (Bååth and Anderson 2003, Fierer 
??????????????????????????????????????????????????????????????????????????????????
(Brockman and Murray 1997, Johnsen et al. 2001, Lauber et al. 2008), and in the 
boreal region also by C/N ratio (Högberg et al. 2007). 
Generally, Gram-negative bacteria are considered to be opportunistic, fast-
growing, and requiring access to readily available organic matter (r-strategists), 
while Gram-positive bacteria are mostly oligotrophic, slow-growing, and surviving 
with a low supply of nutrients (K-strategist), although there are exceptions (van Elsas 
et al. 2007). Gram-negative bacteria generally live in surface soils, in the rhizophere 
using plant biomass as a carbon source, while Gram-positive bacteria are also found 
in deeper soil layers using older soil organic matter or recalcitrant compounds 
(Fierer et al. 2003, Kramer and Gleixner 2008), and in saturated wetlands (Bossio 
et al. 2006). Gram-positive bacteria and actinobacteria have high resistance to 
?????????????????????????????????????????????????????????????????????????????
resistance to stress factors such as desiccation (Ranjard and Richaume 2001, Blume 
et al. 2002, Fierer et al. 2003). Though sulfate-reducing bacteria (SRB) have been 
abundant in anoxic subsurface soils, they are also detected in oxic habitats (Muyzer 
and Stams 2008). 
Gram-negative bacteria or actinobacteria have been detected in natural areas 
without plants, while more fungi have been found in relation to bacteria in more 
complex plant communities (Bardgett et al. 1999, Pennanen et al. 2001, Zak et al. 
2003, Brant et al. 2006). Soil of coniferous forest has been demonstrated to carry 
particularly high fungal to bacterial ratios due to occurrence of ectomycorrhizal 
fungi (Frostegård and Bååth 1996), while the lowest ratios have been found in soils 
from non-vegetated areas, deserts, and grassland indicating bacterial dominance 
(Bardgett 2005). In agricultural areas, the microbial biomass and abundance of 
fungal populations have been lower than in natural areas (Frostegård and Bååth 
1996, Allison et al. 2005), and in greenhouses the microbial biomass has been lower 
??????????????????????????????????????????????????????????????????????????????
with depth more than that of bacteria (Holden and Fierer 2005).
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1.2.2 Microbial communities in groundwater environments
?????????????????????????????????????? ????????????????????????????????????????????
???? ??????????????????????????????????????????????????????????????????????????????
provides few resources for microorganisms and their biomass is low, such that the 
cell number may vary between 102–106 cells ml-1, and 104–108 cells cm-3 of sediment 
(Balkwill et al. 1988, Green and Scow 2000, Goldscheider et al. 2006, Pedersen et 
al. 2008, Griebler and Lueders 2009). The majority of aquifer microbes are attached 
to sediment or aquifer materials, and the attached and detached cells have different 
?????? ??????????????? ?? ???????? ????? ??? ???? ????? ???????????? ?? ??? ?????????
aquifers, microbes are generally viable, but not cultivable (Green and Scow 2000).
In groundwater environments, microbial communities mainly consist of 
organoheterotrophic microbes adapted to this stable oligotrophic environment, and 
also lithoautotrophic bacteria oxidizing inorganic compounds, such as manganese 
and sulfur. In addition, iron- and sulfate reducing, nitrifying, fermentative, 
methanogenic, and acetogenic organisms are detected (Krumholz 2000, Pedersen 
2008, Griebler and Lueders 2009). Most bacteria have been Gram-positive, while 
Gram-negative bacteria display nutrient stress (Balkwill et al. 1997). Surface water 
????????????????????????????????????????????????????????????? ???????????????????????
to deeper deposits in the formation of groundwater. The indigenous groundwater 
microbial community compositions differ from those in surface soils, varying 
in phylogenetic composition and physiological capacities (Griebler and Lueders 
2009). Though the biodiversity in isolates from aquifers is low, spatial heterogeneity 
between sediment minerals, the availability of oxidable compounds and organic 
matter, local hydrogeochemical properties, and sediment grain sizes may increase 
microbial diversity in aquifers (Zhou et al. 2002, Griebler and Lueders 2009). The 
temperature adaptation in bacterial cells can be seen in changes in the degree of 
unsaturation and branching, cyclization, and chain lengths of fatty acids in cell 
membranes (Suutari and Laakso 1994). 
1.3 EFFECTS OF DISTURBANCES ON MICROBIAL COMMUNITIES
??????????????????????????????????????????????????????????????????????????????
anthropogenic, like toxic substance discharge to the environment. They can cause 
decreased microbial production and biodiversity changes in microbial community 
composition, which can be seen even decades after the anthropogenic disturbance 
(Odum 1985, Atlas et al. 1991, Rapport and Whitford 1999, Buckley and Schmidt 
2003, Haack et al. 2004). When toxic stress occurs in an ecosystem, the functions are 
maintained by the replacement of sensitive with tolerant populations. Researchers 
have reported shifts in microbial community composition from Gram-positive 
bacteria and fungi to Gram-negative bacteria and actinobacteria (Kalia and Gosal 
13
2011, Jacobsen and Hjelmsø 2014), or increased abundance of Gram-positive 
bacteria with metal pollution in soil (Pennanen et al. 1996). However, the disturbed 
populations have shown a large range of substrate utilization, metabolic versatilities, 
and increased physiological tolerance (Atlas et al. 1991).
Responses of microbial populations to disturbances may include resistance 
????????????????????????????????????? ????????????????????????? ??????????????????
community is not altered after a disturbance, it is considered to be resistant. When 
the community changes, but recovers and returns to the original state, it is resilient. 
However, microbial communities may change in composition without any effects 
on microbial processes, different microbial groups carrying out the same functions, 
which is called functional redundancy (Allison and Martiny 2008). 
Though diverse communities have been considered to be more resistant to 
environmental disturbances (Peterson et al. 1998), the high diversity does not 
necessarily ensure functional stability in microbial communities. It has been shown 
that, in most cases, perturbations can alter microbial community structure and 
this might change microbial processes like nutrient cycling, decomposition, and 
??????????????????????????????????????????????????????????????????????????????
disturbance, though the intensity of effects and the rate of recovery have been 
reported to be dose-dependent (Allison and Martiny 2008, Ager et al. 2010). The 
functional processes of the community are crucial to maintain, not the species 
composition (Øvreås 2000). However, any shifts in community structure will have 
consequences on ecosystem function, when the tolerant microorganisms fail to 
compensate for biogeochemical functions normally carried out by inhibited or 
eliminated microbial groups (Widenfalk et al. 2008). 
The diversity index of Shannon-Weaver (H´) has been used to describe the 
effects of disturbances on microbial diversity, possibly indicating altered ecosystem 
processes (Hedrick et al. 2000, Humbert and Dorigo 2005). On the other hand, 
the changes in the microbial community composition rather than diversity have 
been suggested to estimate the disturbance effects, since these sensitive changes 
are long-lasting (Westergaard et al. 2001). Shannon-Weaver index calculated by 
PLFAs has been criticized in the literature, as it does not give a correct perception 
of the diversity of microbial species (Frostegård et al. 2010).
1.4 THE INFLUENCE OF PESTICIDES ON MICROBIAL  
 COMMUNITIES
Many types of pesticides like cyclodiene, organochlorine, organophosphorous, 
phenylurea, phtalimid, and triazine pesticides have been found to have little or no 
effects on microbial biomass; however, the enhancement of resistant microbes has 
been documented (Downing et al. 2004, Widenfalk et al. 2008). The abundance of 
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Gram-negative bacteria has increased more than that of Gram-positive bacteria at 
low concentrations of pesticides, due to their ability to use rapidly different nutrient 
sources (Das and Mukherjee 2000, Wang et al. 2008). However, high concentrations 
of chlorobenzene and phenoxycarboxylic acid have been more toxic to Gram-
negative bacteria than Gram-positive bacteria (Thompson et al. 1999, Zhang et 
al. 2010). In sediments, Gram-positive bacteria have increased in consequence of 
???????????????????????????????????????????????????????????????????????????????????
populations has been slight or fungal growth inhibiting (Ratcliff et al. 2006, Wang 
et al. 2008, Widenfalk et al. 2008).
In laboratory studies, the application of herbicide atrazine has increased atrazine-
degrading microbial populations and enhanced degradation (Rhine et al. 2003, 
??????????????????????????????????????????????????? ??????????????????????????????????
greater than herbicide, e.g. atrazine on the microbial community structure (Seghers 
et al. 2005). The long-term use of atrazine has altered the bacterial community 
structure of methanotrophs without changes in bacterial activity (Seghers et al. 
2003). High concentrations of organic matter together with atrazine contamination 
may increase populations of atrazine degraders or overall microbial populations 
(Holden and Fierer 2005).
DDT application has reduced bacterial populations, and increased fungal 
populations, while DDT-resistant microbes have transformed DDT to DDE 
or DDD (Megharaj et al. 2000, Kantachote et al. 2001, 2003). Exposure to 
1,2-dichlorobenzene has decreased soil fungal populations (Thompson et al. 1999).
In groundwater environments, pesticide contaminations can increase microbial 
activity, cell numbers, and biomass, and change microbial community structure 
??????????????????????????????????????????????????????????????????????????????????
et al. 2006). The bacterial diversity (H´) under pesticide exposure has increased, 
????????????????????????????????????????????????????????????????????????????????
Johnson et al. 2004, Humphries et al. 2005). However in groundwater environments, 
an increase in the microbial abundance in consequence of a substrate input, like 
pesticides, is more likely (Griebler and Lueders 2009). 
The effects of pesticides on soil microbial community structure are the 
predominant interest when pesticides are removed by bioremediation. Microbial 
evolution with pesticide degraders can be expected with contamination of pesticides 
and other xenobiotics (Pombo et al. 2005, Weiss and Cozzarelli 2008). Researchers 
have documented the degradation genes evolving, and horizontal gene transfers 
within bacteria degrading chlorinated compounds in aquifers or atrazine in soils (Van 
der Meer et al. 1998, Krutz et al. 2010). The evolution in groundwater environments 
may be slower than in the upper soil layers, due to small population sizes, slight 
microbial activity, and stable conditions (Griebler and Lueders 2009). However, 
it is likely that natural biodegradation of pesticides by indigenous microbes also 
occurs in aquifers (Weiss and Cozzarelli 2008). Besides indigenous microbes, the soil 
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conditions must be satisfactory for biodegradation, including nutrient availability, 
temperature, water content, amount of oxygen, and soil pH (Briceño et al. 2007).
1.5 LIPID PROFILES IN MICROBIAL COMMUNITY  
 STRUCTURE INVESTIGATIONS
Lipids comprise less than 5 % of bacterial dry weight (Lechevalier 1977). The analysis 
of lipids as signature biomarkers has frequently included di- and triacylglycerols, 
phospholipid fatty acids (PLFAs), neutral lipid fatty acids (NLFAs), and 
lipopolysaccharide hydroxy fatty acids (White et al. 1998, Bååth 2003, Keinänen et 
???? ?????? ??? ?? ??????????? ?????? ????????????????? ??? ??????????? ???????? ???
more than 200 different FAs have been detected from microorganisms. The PLFAs 
are considered to be components of viable microbial populations, due to the presence 
in membranes of all living cells, but not in storage lipids or in dead cells. Furthermore, 
the PLFAs allow the description of whole microbial communities (Zelles 1999). The 
bacterial cells contain straight-chain saturated and monounsaturated, branched 
chain, cyclopropyl, and polyunsaturated FAs, mostly 10 to 20 carbons long (Green 
and Scow 2000).
The technique for the determination of microbial lipids differentiates 
phospholipid, glycolipid, and neutral lipid FAs from living bacterial and fungal cells 
???????????????????????????? ???????????????????????????????????????????????????
????????????????????????????????????????????????????????????????????????????????????
mixed microbial communities in the environment, especially for screening indicators 
????????????????? ????????????????????????? ?????? ?????? ???????????????? ???????
may indicate either changes within the microbial community or changes in the 
???????? ?????????????????????????????????????????????????????
In addition, physiological and nutritional information from microbial 
communities can be obtained from PLFAs (White et al. 1998, Zelles 1999, Green 
and Scow 2000). In the literature, an increase in cyclopropane FAs and the ratio of 
cyclopropyl FAs to their monoenoic precursors have commonly been indicators of 
stress and slow growth (Kieft et al. 1994, Bossio et al. 2006). The ratio of trans- to 
cis-monoenoic FAs has been related to signs of toxic stress and starvation within 
Gram-negative bacteria (Kieft et al. 1994, Bossio and Scow 1998, Cronan 2002, 
Heipieper et al. 2003), but they have proven to be unreliable (Fischer et al. 2010). 
???????????????????? ??????????????????????? ??? ?? ????????? ??? ??????????????
changes, which can also be detected in the regulation of the ratios of saturated to 
unsaturated PL FAs, branched to unbranched PL, iso-branched to anteiso-branched 
FAs, and in changes in the acyl-chain length (Sikkema et al. 1995, White et al. 1996, 
Šajbidor 1997, Mrozik et al. 2005, Nielsen et al. 2005, Grandvalet et al. 2008). The 
????????????? ???????? ??????? ?? ????????????? ????????? ????? ??? ???? ??????????
16
a technique to prevent toxic chemical compounds to penetrate the cells, which 
allows microbes to survive in contaminated environments (Sikkema et al. 1995, 
Weber and de Bont 1996, Ramos et al.1997).
The limitation of PLFAs is that many phylogenetic and physiological microbial 
????????????????????????????????????????????????????????????????????????????????
PLFAs have also been used to determine total microbial biomass for samples (White 
et al. 1979, Zelles 1999, Green and Scow 2000). Microbial biomass pmole PLFA 
g-1????????????????????????????????????????????????????????????????????????????????
which could be used in the monitoring of bioremediation (Ringelberg et al. 2008, 
Weiss and Cozzarelli 2008). 
Glycolipid FAs (GLFAs), like PLFAs, depend on the availability and structure 
of carbon source (Wick et al. 2003). The high amount of GLFAs is typical for 
Gram-positive bacteria (Kontro et al. 2006). There is a lack of information on 
changes in GLFAs as a response to alterations in the environment. Neutral lipids, 
such as triacylglycerols, are storage compounds in eukaryotic organisms (Bååth 
2003). Fungi can accumulate triacylglycerols in the absence of phosphorous and 
nitrogen, and presence of an excess of carbon (Bååth 2003, Kontro et al. 2006). 
High proportions of neutral lipid FAs (NLFAs) could indicate prominent fungal 
populations or dead bacterial cells whose PLFAs have become a part of neutral 
lipids (Ruess and Chamberlain 2010). 
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2 THE AIMS OF THE STUDY
The hypothesis of this study was that recalcitrant pesticides have long-lasting effects 
on microbial community composition, while the null hypothesis was that no effects 
can be elucidated. The main objective of this work was to investigate whether 
long-term pesticide contamination has caused permanent changes in microbial 
community composition. The study sites were groundwater-monitoring-pipe and 
well deposits, sediments from two drillings, and soils from old market gardens, all 
????????????????????????????????????????? ????????????????????? ??????????? ?????
1. Characterizing microbial community compositions and factors affecting it in the 
groundwater deposits, drilling sediments, and surface soils, all included long-
term contaminated samples with pesticides (atrazine, simazine, BAM, DDT, 
HCB, and pentachloroaniline) (II, III, IV)
2. Evaluating changes in microbial community compositions due to the pesticide 
application in the surface soils and subsurface environments (III, IV)
3. Evaluating the dependence of pesticide degradation (bioremediation) on the 
microbial community compositions, and environmental factors in groundwater 
deposits, drilling sediments, and soils (I, II, III, IV)
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3 MATERIALS AND METHODS
3.1 SAMPLINGS
Groundwater deposits were taken from well W and two groundwater monitoring 
pipes (B, C) located in the aquifer with atrazine and degradation products 
desethylatrazine (DEA) and deisopropylatrazine (DIA) in the groundwater of Lahti, 
southern Finland (Table 1). Water from control pipe D from the same aquifer, 
as well as water from control pipe A from the adjacent aquifer, was clean. The 
depths of the sampling sites varied from 6.3 m to 21.0 m below the surface (mbs), 
and 0.8–16.9 m below the water table (mbt). Drilling sediments were taken from 
layers that were contaminated with herbicides atrazine, 2,6-dichlorobenzamide, 
(BAM, a degradation product of dichlobenil), and simazine (Table 1). The depths 
of the drilling sites varied between 0.3 mbs to 16.7 mbs next to the railway (R1-
R4), and between 0.8–24.8 mbs in the city garden (G1-G6). The surface soils from 
the depths of 0.1–1.3 m were collected in abandoned market gardens from three 
sampling sites in western Finland. Some samples were contaminated with DDT, 
hexachlorobenzene (HCB), and/or pentachloroaniline (PeCA, a degradation product 
of pentachloronitrobenzene, PCNB) (Table 1). 
Table 1. Sites and times of sampling (Roman numbers refer to the original articles). 
Sampling site Abbreviation Sampling time
Groundwater deposits, Lahti (I, III) 
(monitoring pipes and well)
A, B, C, D, Well May 2003
Drilling sediments, Lahti (II)
(Garden sediments) 
(Railway sediments)
 
G1-G6
R1-R4
 
August 2005
Surface soils, (Market garden) (IV) 
Kokkola
Alahärmä
Kuortane
 
A1-A6 
B1-B7 
C1-C6
 
July 2006 
early August 2006 
late August 2006
3.2 BACKGROUND INFORMATION ON PESTICIDES
The sale of pesticides has been under control in Finland since 1952. The insecticide 
DDT came into the market in 1946, and was sold approximately 149 tons in 1953–
1972 (Närhi 2008). The sale of DDT was banned in Finland in 1976. Quintozene 
(PCNB) was approved for use in fungicide in greenhouses in 1963, however its 
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use was limited since 1975 and the sale was banned in 1991. The use of herbicide 
simazine began in Finland in 1959, and that of atrazine in 1962. Atrazine was widely 
used herbicide, which recommended application rate was 3–4 kg per hectare, while 
that of simazine was 5–6 kg per hectare. Herbicide dichlobenil was used in tree 
planting areas since 1980s (Jaakkonen and Sorvari 2006). The sale of atrazine was 
forbidden in 1992, that of simazine in 2004 and dichlobenil in 2011. 
3.3 CHEMICAL ANALYSES
Pesticides from groundwater were analyzed with solid phase extraction, followed 
by high resolution gas-liquid chromatography – mass spectrometry performed by 
Ramboll Analytics Ltd in Lahti, Finland (I, III), and from market garden soils using 
a multi residue method performed by Lantmännen AnalyCen laboratory in Tampere, 
Finland (IV). Pesticides from the liquid samples of degradation experiments 
and extracts of drilling sediments were analyzed by HPLC in the department of 
Environmental Sciences in Lahti (I, II).
3.4 LIPID ANALYSES
Lipids from the samples were extracted as originally described by Bligh and 
Dyer in 1959 (II, III, and IV). Duplicate samples were extracted in chloroform 
: methanol : phosphate buffer (1 : 2 : 0.8 vol/vol/vol). An internal standard of 
??????????????????????????????????? ??? ????????? ????????????? ?? ??????????????
Lipids were separated from the solvent phase after adjusting the ratio of chloroform 
: methanol : buffer to 1 : 1 : 0.9 vol/vol/vol. The dried lipid extract was dissolved 
in chloroform, and applied to a 10 ml Varian column (Varian, Las Vegas, NV, 
USA). The lipids were fractionated to neutral, glyco- and phospholipids with 10 
ml of chloroform, 20 ml of acetone, and 10 ml of methanol, respectively. Internal 
standards of tridecanoic acid methyl ester and nonadecanoic acid methyl ester 
?????????????????????????????????????????????????????????????????????????????????
methylated, and extracted as methyl esters (Kontro et al. 2006). The FA methyl 
esters were analyzed with a Shimadzu gas chromatograph model GC-17A (Duisburg, 
Germany) equipped with a mass selective detector (model GCMC-QP5000) and 
automatic sampler, model AOC-17 (Kontro et al. 2006).
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3.5 CALCULATIONS
?????? ?????????? ???? ???????????? ????????????? ?? ???? ???????? ?????????? ?????????
straight-chain FAs (14:0, 16:0, 17:0, 18:0, 20:0) were used for general biomass; 
???????????????? ???????????????????????????????? ?????????? ????????? ?????????
????????? ???????? ???????? ???????? ??? ???????? ???? ????????????????????????? ????
?????????????????????????????????????????????????? ????????????????????????????????
????????????????????????????????? iso- and anteiso-branched FAs (i-14:0, i-15:0, 
i-16:0, a-15:0, i-17:0, a-17:0, i-18:0) for Gram-positive bacteria; cyclopropane FAs 
????????????? ??????????? ??????????? ??????????????? ????????????? ?????????? ????
bacteria; 10Me16:0 for sulfate reducing bacteria (SRB); and 10-methyloctadecanoic 
acid (tuberclostearic acid, TBSA) for actinobacteria (White et al. 1996, Frostegård 
and Bååth 1996, Zelles 1999, Bossio et al. 2006). Cyclopropane FAs, the ratios of 
????????????????????????? ??????????????????????????????????????????????????????
??????????????????????????????????????????????????????? ????????????????????????
FAs, and FA chain length evaluated from the molecular weight of FAs were used 
as indictors for stress and slow growth (Kieft et al. 1994, Bossio and Scow 1998). 
Physiological indicators were examined in order to clarify the responses of microbial 
communities for depth, soil type, and pesticide contamination. Average carbon 
number, cy17:0/pre, cy19:0/pre, unsat/sat, and the ratios of i/a-15:0 and i/a-17:0 
were used as physiological indicators. Average values and standard deviations of 
the percentage FAs and indicators were calculated from the sites to be compared. 
Microbial cell numbers were calculated as presented in II. 
3.6 COMPARISONS
To determine the impact of depth on microbial community composition, the 
uncontaminated sandy surface soils (A1, B5) from the depth of 0.1–0.3 m, were 
compared to the uncontaminated sandy soils from the depth of 0.4–1.3 m (B3, C2) 
(IV). In addition, the comparisons were made between the shallowest (depth 0.3 m, 
R1) and the deepest (depth 14.2–16.7 m, R3, R4) sandy drilling sediments (railway), 
and in the clayey drilling sediments (garden) (depth 0.8 m, G1 and 3.5–14.4 m, G2-
G4) (II). The differences between groundwater environment and drilling sediments 
were obtained comparing groundwater deposits (depth 6.3–21.0 m) to the drilling 
sediments below water table (6.1–24.8 m) (II, III). 
The soil type differences between sandy (OM 0.8–3.8 % dry wt, depth 0.1–0.5 
m, A1, B5, C2), low organic soil (OM 8.0 % dry wt, depth 0.2–0.3 m, C4, C6), and 
high organic soil (OM 69.9 % dry wt, depth 0.1–0.3 m, A6) were observed (IV). 
Moreover, the soil type impacts were monitored in the contaminated sandy (OM 
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0.8–2.1 % dry wt, G5, G6) and clayey drilling sediments (OM 1.4–2.8 % dry wt, 
G2-G4) at the depth of 3.5–24.8 m (II). 
Atrazine impacts on microbial communities were investigated in groundwater 
deposits (depth 6.3–21.0 m, pipes A, C, D, and well). Pipe B was excluded due to 
???? ???? ????????? ??????? ?????? ????? ??????????? ????????? ????????? ???????????
(III). The effects of DDT pollution on microbial community compositions were 
examined by comparing the surface soils with three concentrations of DDT and 
its degradation products to controls (B5, C2, C4, C6) with approximately the same 
OM content: i) 0.02–0.03 mg kg-1 (0.3–0.4 μg g-1 OM; B6, B7), ii) 0.07–0.2 mg 
kg-1 (1.4–3.6 μg g-1 OM; B2, B4), and iii) 0.2–0.8 mg kg-1 (8.4–19.5 μg g-1 OM; 
C3, C5) (IV). The effects of pentachloroaniline (PeCA) and hexachlorobenzene 
(HCB) contamination on microbial community compositions were observed in 
soils with PeCA and HCB together 0.3–0.6 mg kg-1 (5.3–6.8 μg g-1 OM; A3, A5) 
and in soils with PeCA 0.04–0.06 mg kg-1 (1.2–2.7 μg g-1 OM; A2, C1) compared 
to uncontaminated samples (A1, B5, C2, C4, C6) (IV). 
3.7 DATA ANALYSIS
To study the responses in the microbial community to depth, soil type, and pesticides, 
the data sets of the relative content of individual phospholipid (PL), glycolipid (GL), 
and neutral lipid (NL) FAs were subjected to principal component analysis, PCA 
(II, III, IV). Then the data sets of all individual FAs were exposed to two factor 
??????????????? ?????????????????????????????? ??????????????????????????????
????????????????????????????????????????????????????????????????????????????????????
was used to relate soil and deposit parameters to the individual FAs and calculated 
????????????????????????? 
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4 RESULTS AND DISCUSSION
4.1 DEPTH-DEPENDENT CHANGES IN MICROBIAL LIPIDS  
 IN VARIOUS SOILS
Depth-dependent changes were found in microbial biomass (lipid quantity; cell 
????????? ??? ????????? ????????? ?????????????????? ????????? ????????? ???????
declined in deeper layers compared to the deposits near soil surface, independent 
of pesticide contamination. The variation in lipid quantities was the greatest in 
the topsoil layers, and less in the deeper sediments. The quantity of PLFAs ranged 
from 5–228 μg g-1 (depth 0.1–0.3 m) to 1–2 μg g-1 (depth 3.5–24.8 m) (II, IV). As 
in PLFAs, similar reductions with depth were also seen in the quantities of GLFAs 
(from 6–185 μg g-1 to 0.4–3 μg g-1) and NLFAs (from 8–683 μg g-1 to 1–9 μg g-1). 
Microbial cell numbers, which were calculated from the quantity of PLFAs, reduced 
with increasing depth from 7 x 108 cells g-1 to 3 x 107 cells g-1. The decrease in the 
PLFA quantity with soil depth has been reported by many authors, while there is 
little information concerning the quantities of GLFAs and NLFAs (Balkwill et al. 
1997, Taylor et al. 2002, Allison et al. 2007). 
????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????
???????????????????????????????????????????????????????????????????????????????? ????
depths of about 0.1–0.3 m, showed the highest percentages of monounsaturated 
straight-chain FAs common for Gram-negative bacteria, and polyunsaturated 
FAs characteristic of fungi (Table 2 a) (Zelles 1999). Further, the percentages of 
cyclopropane FAs were highest in pristine soil at the depths of 0.1–1.3 m, signifying 
Gram-negative bacteria and lactobacilli or slow growth (Bossio and Scow, 1998). 
Second, below the surface at the depths of 0.4–1.3 m, the proportions of branched-
chain FAs, including iso- and anteiso-branched (Gram-positive bacteria), TBSA 
(actinobacteria), and 10-Me-16:0 (SRB), were increased in PLFAs or remained at 
the same level as in surface soils, and below the depth of 1.3 m their percentage 
declined (Table 2 a). The low abundance of fungi at the depth of 0.4–1.3 m could be 
understood through the sensitivity of fungi to annual freeze and thaw-cycles in soil 
(Feng et al. 2007, Schmitt et al. 2008). Other explanations may include: low fungal 
abundance in grassland or non-vegetated soil, and greater depth (Bardgett 2005, 
Holden and Fierer 2005). Third, in the sediments below 1.3 m, the high percentages 
of the saturated straight-chain FAs suggested slow growth in microbial communities. 
Interestingly, in the deepest drilling sediments, the lowest values of cyclopropane 
FAs, 10-Me-16:0, and TBSA were detected. These results are essentially consistent 
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with previous studies (Holden and Fierer 2005, Allison et al. 2007, Feng et al. 2007, 
Högberg et al. 2007, Bach et al. 2008). 
Microbial cells have survived in stationary growth phase better than in 
exponential growth phase, due to the more rigid stationary cell membrane; therefore 
this state promotes microbial survival in deep sediments (Muñoz-Rojas et al. 2006). 
Indeed, low ratios of unsaturated to saturated FAs, as well as high percentages of 
the saturated straight-chain FAs and high average C numbers (FA chain length) in 
PLFAs, indicated low microbial activity and a high portion of stationary growth phase 
cells in the deepest drilling sediments. In addition, these indices seemed to be most 
useful to describe stressful conditions in deep drilling sediments, as the percentages 
of trans-monounsaturated and cyclopropane FAs were extremely low and unreliable 
for evaluating stress (Table 2 a, b, c, II). In GLFAs the saturated straight-chain FAs 
were the highest biomarker group in all soil samples, comprising about 50% or 
??????????????????????????????????????????????????????? ??????????????????????
slow growth. The results of this study showed that the microbial activity seemed 
to differ between old abandoned market garden soils and the shallowest drilling 
sediments. The ratios of unsat/sat were slightly lower and the average C numbers 
higher in clean market garden soils at the depths of 0.1–1.3 m than in railway and 
garden sediments at the depths of 0.3–0.8 m. This may be related to the lower 
nutrient load in old market garden soils in comparison to the layers next to railway 
or clay layers below the garden. Microbial activity has been reported to reduce with 
agricultural soil abandonment, which seemed to also be true in old market garden 
soils (García et al.1997, Lõhmus et al. 2005). 
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4.2 DIFFERENCES IN FATTY ACID PROFILES BETWEEN DRILLING  
 SEDIMENTS AND GROUNDWATER DEPOSITS 
The quantities of lipids in the groundwater deposits from pipes and well were 
generally higher than in garden drilling sediments (II, III) despite the same 
approximate depth (Fig. 1). Consequently, the estimated microbial cell numbers 
in groundwater deposits were greater than in drilling sediments at the respective 
depths below the water table. In the deepest drilling sediments and groundwater 
deposits, cell numbers were at the same magnitude (circa 7 x 107 cells g-1) and 
comparable with earlier data of drinking water and lake sediments (circa 3 x 107 
cells g-1) (Keinänen et al. 2003). 
The quantity of GLFAs was commonly equal or higher than that of PLFAs in 
groundwater deposits, while in the drilling sediments of garden, the quantities of 
PLFAs were higher than those of GLFAs in all clayey layers of garden sediments 
down to the depth of 14.4 m. The increased occurrence of GLFAs in groundwater 
deposits and some drilling sediments could be explained by phosphorous limitation 
in groundwater deposits, resulting in the replacement of PLFAs with GLFAs (II, III, 
Miettinen et al.1996). In addition, the growth of Gram-positive bacteria might have 
caused the enhancement of GLFAs (Kontro et al. 2006). The quantities of NLFAs 
were equal or higher than those of PLFAs and GLFAs in groundwater deposits 
and drilling sediments, which is possibly due to the occurrence of carbon excess 
or higher proportion of dead cells (Bååth, 2003, II).
These results showed that the proportions of Gram-negative bacteria indicating 
monounsaturated acids and Gram-positive bacteria indicating iso- and anteiso-
branched acids in groundwater deposits were higher than in drilling sediments, 
while the trend was opposite in the percentages of the saturated straight-chain FAs 
in PLFAs, GLFAs, and NLFAs. The explanation for these results could be that the 
percolated substrates were available for microbes and a greater range of resources 
affected higher proportions of Gram-negatives and -positives in groundwater 
deposits (John and Rose 2005).
In PLFAs, the higher ratios of unsaturated to saturated FAs and lower average 
C numbers in groundwater deposits than in drilling sediments indicated greater 
microbial activity in groundwater deposits compared to drilling sediments (Table 
2 a). For GLFAs, however, greater microbial activity could only be seen in the high 
??????????????????????????????????????????? ??????????????????? ????????????????
deposits was closer to that of the shallowest (depth 0.3 m) railway sediment than to 
???????????????????????????? ??????????????????????????????? ??????????????? ????????
could not been found in GLFAs and NLFAs (Table 2 a, b, c).
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Fig. 1. PLFA, GLFA, and NLFA quantities (n gg-1) in garden sediments (g) and groundwater deposits (w).
4.3 SOIL TYPE EFFECTS ON MICROBIAL COMMUNITIES
???????????????????????????????????????????????????????? ?????????????????????
biomass in soil (Sylvia et al. 2005, Fierer et al. 2009), which was found to also be 
true in this study. In surface soils, the quantities of PLFAs were equal or higher than 
those of GLFAs, and equal or lower than those of NLFAs (IV). The quantity of PLFAs 
varied between 5 to 43 μg g-1 in sand, between 40 to 45 μg g-1 in low organic soils, 
and it was 228 μg g-1 in high organic soil. The quantities of GLFAs ranged from 4 μg 
g-1 to 186 μg g-1, and the quantities of NLFAs from 8 μg g-1 to 683 μg g-1 (Fig 2 A). In 
drilling sediments of garden, the quantities of microbial lipids in clayey sediments 
were of the same order of magnitude as in sandy sediments, being 1–2 μg g-1 in 
PLFAs, 0.4–3 μg g-1 in GLFAs, and 1–9 μg g-1 in NLFAs (Fig 2 B). In soil layers at 
the depths of 0.1–4.2 m and at 4.5–31.3 m, microbial biomass has been shown to 
be lower in sand than in clay (Albrechtsen and Winding 1992, Taylor et al. 2002, 
Bach et al. 2010). The opposite results of our study can be explained by the fact 
?????????????????????????? ????????????????????????????????????????????????????
and improved conditions for microbes. Microbial cell numbers extended to 2 x 108 
cells g-1 in clayey and 8 x 107 cells g-1 in sandy sediments (II). 
When pristine surface soils were compared, the effects of soil type, sand and 
organic, were obtained. In PLFAs, GLFAs, and NLFAs, the elevated percentages 
of cyclopropane FAs, biomarkers for Gram-negative and lactic acid bacteria, were 
related to soil with the high OM content (Table 3 a,b,c). Especially in GLFAs and 
NLFAs, the most prominent difference between organic and sandy soil was the 
29
huge abundance of cyclopropane FAs in the high organic soil, which was possibly 
unrelated to stressful conditions (Bossio and Scow 1998, IV). Stress indicators 
such as the ratio of unsat/sat and average C numbers in PLFAs were of nearly 
the same magnitude in organic and sandy soils as well as the ratios of cy/pre in 
PLFAs were low, and consequently no stress due to soil type was found. In PLFAs, 
the highest percentages of the monounsaturated and polyunsaturated FAs in high 
organic soil indicated Gram-negative bacteria and fungi, respectively, which has also 
been reported by other researchers (Bardgett et al. 1999, Keith-Roach et al. 2002, 
Habekost et al. 2008). In PLFAs, the portion of iso- and anteiso-branched acids from 
Gram-positive bacteria was higher in low organic soils than in the high organic soil, 
showing that Gram-positive bacteria typically grow with lower supply of nutritional 
resources than Gram-negatives (van Elsas et al. 2007). In sandy soils, there were 
the greatest percentages of 10-Me-16:0 from SRB and TBSA from actinobacteria 
in PLFAs, and in NLFAs the sum of branched-chain FAs (including TBSA and 10-
Me-16:0) was higher than in organic soils, which is in accordance with previous 
studies (Zak et al 2003). Overall, more soil type effects were found in PLFAs and 
NLFAs than in GLFAs. 
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Fig. 2. The quantity of PLFA, GLFA, and NLFA in pristine surface soil (old market gardens), OM content 
0.8–69.9 % dry wt (A) and atrazine, simazine, BAM contaminated subsurface soil deposits (B) with OM 
content 0.8–2.8 % dry wt. 
In drilling sediments, soil type, sand and clay, had more effects on microbial 
community composition than water table (II). In PLFAs, GLFAs, and NLFAs 
there were higher proportions of branched-chain FAs, especially iso- and anteiso-
branched acids (Gram-positive bacteria) in clay than in sandy layers of garden 
sediments (Table 3 a, b, c). In PLFAs and GLFAs, the percentage of 10-Me-16:0 
?????? ???????????????????????????????????????????????????????????????????????????
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anaerobic clayey sediment layers (II). Microbial activity, observed via the ratios 
of unsat/sat and average C numbers in PLFAs and GLFAs, did not differ between 
the soil types in drilling sediments (3 a, b). In NLFAs, the main difference between 
deep clayey and sandy drilling sediments was the high abundance of the saturated 
straight-chain FAs in clayey sediments; while the percentage of monounsaturated 
straight-chain acids was greater in sandy sediments (Table 3 c). Nevertheless, there 
?????????? ????????????????????????????????????????????????????????????? ???????
in NLFAs in drilling sediments, indicating the weakest selection pressure for the 
NLFA composition. 
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Table 3 a, b, c. The percentages of main PLFA (3a), GLFA (3b), and NLFA (3c) biomarker FA groups and calculated indices 
in high organic (OM 69.9 % dry wt), low organic (OM 8.0 % dry wt), and sandy (OM 2.6-3.8 % dry wt) surface soils, and in 
clayey (OM 1.4-2.8 % dry wt) and sandy (OM 0.8-2.1 % dry wt) drilling sediments. Letters in superscripts indicate statistically-
signiﬁcant differences between samples (s.d. a, b; MW?0.05, c, d).
3 a.
Surface soils (organic) Surface soils 
(sand)
Drilling 
sediments*(clay)
Drilling 
sediments*(sand)
Depth m; (OM % dry wt) 0.1-0.3; (69.9) 0.2-0.3; (8.0) 0.1-0.5; (0.8-3.8) 3.5-14.4; (1.4-2.8) 19.4-24.8; (0.8-2.1)
Sum of biomarker fatty 
acids (%),
physiological indices 
PLFA
Monounsaturated**    31.3 ± 1.1b 20.4 ± 0.5b 25.2 ± 1.1 25.1 ± 0.9 16.7 ± 8.7
(16: 1?9c,16: 1?7c,16: 1?5c,
18:1 ?9c, 18:1 ?7c, 16: 
1?5c)
Polyunsaturated 2.8 ± 0.0a,b 1.8 ± 0.1b 1.9 ± 0.2a 2.1 ± 0.2 2.1 ± 0.3
(18:2?6,9)
Iso-,anteiso-branched-
chain*** 21.8 ± 1.4
b 25.1 ± 0.4b,c 20.3 ± 0.3c 8.6 ± 0.3d 3.8 ± 0.7d
(i-14:0, i-15:0, a-15:0, 
i-16:0, i-17:0, a-17:0, i-18:0)
i/a-15:0 2.7 ± 0.3a 2.3 ± 0.0 1.9 ± 0.1a 0.4 ± 0.0d 0.6 ± 0.0d
i/a17:0 1.5 ± 0.2b 2.5 ± 0.1b,c 1.5 ± 0.1c 1.3 ± 0.2d 0.6 ± 0.1d
Sum of branched 37.4 ± 0.4 40.4 ± 0.4 36.6 ± 1.3 16.2 ± 0.6d 7.4 ± 1.2d
(iso-, anteiso-,middle-, 
br-15:0a,b,c,
br-17:0a,b, br18:0a,b, br-
19:0a,b)
Saturated straight-chain 15.0 ± 1.5a,b 27.4 ± 1.1b 28.1 ± 0.8a 55.4 ± 0.9 73.0 ± 8.2
(14:0,16:0,17:0,18:0, 20:0)
Cyclopropane fatty acids   13.5 ± 0.7a,b 10.4 ± 0.7b 9.7 ± 1.6a 1.2 ± 0.6 0.8 ± 0.4
(cy-17:0?9, cy-17:0?7,  
cy-19:0?7)
cy-17:0/pre 0.2 ± 0.0b 0.4 ± 0.0b 0.4 ± 0.0 0.2 ± 0.1 0.3 ± 0.2
cy-19:0/pre 0.7 ± 0.1 0.8 ± 0.0 0.6 ± 0.2 0.1 ± 0.1 0.1 ± 0.0
10Me16:0 5.5. ± 0.4b 4.3 ± 0.2b,c 5.9 ± 0.4c 1.8 ± 0.5d 0.6 ± 0.2d
TBSA   0.8 ± 0.0a 1.0 ± 0.1 1.2 ± 0.1a 0.4 ± 0.2 0.2 ± 0.1
Unsat/Sat 0.7 ± 0.1b 0.3 ± 0.0b 0.4 ± 0.0 0.4 ± 0.0 0.2 ± 0.2
Average carbon number 284.2 ± 0.9b 282.6 ± 0.3b 282.8 ± 0.8 280.6 ± 0.5 281.8 ± 0.1
* atrazine 12.2-14.0 μg kg-1, simazine 17.7- 34.8 μg kg-1, BAM 5.3-32.4 μg kg-1
** in surface soils 18:1μ9c excluded
*** in surface soils i-19:0 is included
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3 b.
Surface soils (organic) Surface soils 
(sand)
Drilling 
sediments* (clay)
Drilling 
sediments* (sand)
Depth m; (OM % dry wt) 0.1-0.3; (69.9) 0.2-0.3; (8.0) 0.1-0.5; (0.8-3.8) 3.5-14.4; (1.4-2.8) 19.4-24.8; (0.8-2.1)
Sum of biomarker fatty 
acids (%),
physiological indices 
GLFA
Monounsaturated**    5.4 ± 0.3 5.0 ± 0.3 9.8 ± 0.8 19.9 ± 3.6 30.0 ± 3.6
(16: 1?9c,16: 1?7c,16: 
1?5c,
18:1 ?9c, 18:1 ?7c, 16: 
1?5c)
Polyunsaturated 0.4 ± 0.1b 1.3 ± 0.2b 0.9 ± 0.3 1.6 ± 0.1d 0.6 ± 0.2d
(18:2?6,9)
Iso-anteiso-branched-
chain*** 6.3 ± 0.1
a,b 9.5 ± 0.1b 11.1 ± 1.0a 7.9 ± 0.1d 4.0 ± 0.7d
(i-14:0, i-15:0, a-15:0, 
i-16:0, i-17:0, a-17:0, 
i-18:0)
i/a-15:0 1.8 ± 0.1a 1.5 ± 0.1c 0.7 ± 0.1a,c 0.8 ± 0.0 0.6 ± 0.0
i/a17:0 0.3 ± 0.0a,b 1.6 ± 0.1b,c 0.7 ± 0.0a,c 0.4 ± 0.0 0.3 ± 0.0
Sum of branched-chain 8.6 ± 0.2a,b 13.5 ± 0.1b 17.3 ± 2.9a 8.7 ± 0.2d 4.4 ± 0.8d
(iso-, anteiso-,middle-, 
br-15:0a,b,c,
br-17:0a,b, br18:0a,b, 
br-19:0a,b)
Saturated straight-chain 22.0 ± 0.6a,b 60.4 ± 1.1b 58.9 ± 1.0a 69.4 ± 2.8 64.8 ± 4.3
(14:0,16:0,17:0,18:0, 20:0)
Cyclopropane fatty acids 63.6 ± 1.0a,b 19.8 ± 0.9b 13.1 ± 3.1a 0.4 ± 0.1 0.2 ± 0.1
(cy-17:0?9, cy-17:0?7, 
cy-19:0?7)
cy-17:0/pre 20.0 ± 1.2a,b 3.7 ± 0.5b 3.8 ± 2.6a 0.4 ± 0.0 0.3 ± 0.0
cy-19:0/pre 11.5 ± 1.2a,b 5.4 ± 0.1b,c 2.5 ± 0.7a,c 0.0 ± 0.0 0.0 ± 0.0
10Me16:0 0.6 ± 0.0 0.8 ± 0.1 1.0 ± 0.1 0.2 ± 0.1d trd
TBSA   0.1 ± 0.0a,b 0.4 ± 0.1b 0.5 ± 0.2a 0.3 ± 0.0d n.d.d
Unsat/Sat 0.2 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.3 ± 0.1 0.5 ± 0.1
Average carbon number 296.3 ± 0.3a,b 287.5 ± 0.5b 285.1 ± 0.2a 283.1 ± 0.4 285.7 ± 0.7
* atrazine 12.2-14.0 μg kg-1, simazine 17.7- 34.8 μg kg-1, BAM 5.3-32.4 μg kg-1
** in surface soils 18:1μ9c excluded
*** in surface soils i-19:0 is included
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3 c.
Surface soils (organic) Surface soils 
(sand)
Drilling 
sediments* (clay)
Drilling 
sediments*(sand)
Depth m; (OM % dry wt) 0.1-0.3; (69.9) 0.2-0.3; (8.0) 0.1-0.5; (0.8-3.8) 3.5-14.4; (1.4-2.8) 19.4-24.8; (0.8-2.1)
Sum of biomarker fatty 
acids (%),
physiological indices 
NLFA
Monounsaturated**    11.6 ± 0.1a 14.0 ± 0.9 27.3 ± 1.6a 25.9 ± 5.7 48.0 ± 11.9
(16: 1?9c,16: 1?7c,16: 
1?5c,
18:1 ?9c, 18:1 ?7c, 16: 
1?5c)
Polyunsaturated 1.5 ± 0.2a,b 2.4 ± 0.3b 3.3 ± 0.0a,b 2.8 ± 0.5 2.1 ± 0.4
(18:2?6,9)
Iso-anteiso-branched-
chain*** 6.0 ± 0.0 5.1 ± 0.5
c 7.3 ± 0.5c 3.5 ± 0.1d 2.8 ± 0.2d
(i-14:0, i-15:0, a-15:0, 
 i-16:0, i-17:0, a-17:0, 
i-18:0)
i/a-15:0 1.2 ± 0.4 1.8 ± 0.1 1.1 ± 0.2 0.7 ± 0.0 0.7 ± 0.0
i/a17:0 0.3 ± 0.0 1.0 ± 0.0c 0.5 ± 0.1c 0.4 ± 0.0 0.3 ± 0.0
Sum of  branched-chain 9.4 ± 0.0a 8.7 ± 1.0c 13.5 ± 0.9a,c 4.0 ± 0.2 3.4 ± 0.3
(iso-, anteiso-,middle-, 
br-15:0a,b,c,
br-17:0a,b, br18:0a,b,  
br-19:0a,b)
Saturated straight-chain 20.4 ± 0.6a,b 57.7 ± 2.7b 50.6 ± 1.7a 67.3 ± 4.9 46.5 ± 12.4
(14:0,16:0,17:0,18:0, 20:0)
Cyclopropane fatty acids   57.1 ± 0.3a,b 17.2 ± 3.7b 5.3 ± 2.8a,c tr tr
(cy-17:0?9, cy-17:0?7, 
cy-19:0?7)
cy-17:0/pre 8.2 ± 0.3a,b 3.0 ± 1.7b,c 0.6 ± 0.3a,c - -
cy-19:0/pre 5.5 ± 0.1a,b 2.0 ± 0.4b,c 0.2 ± 0.1a,c - -
10Me16:0 0.9 ± 0.1 0.7 ± 0.1 1.3 ± 0.3 0.2 ± 0.1 0.2 ± 0.0
TBSA   0.2 ± 0.0 0.2 ± 0.0 0.3 ± 0.1 n.d. n.d.
Unsat/Sat 0.5 ± 0.0 0.3 ± 0.0 0.4 ± 0.0 0.4 ± 0.1 1.0 ± 0.5
Average carbon number 292.4 ± 0.6a,b 286.3 ± 2.1b 282.6 ± 0.4a 283.3 ± 0.9d 287.4 ± 1.4d
* atrazine 12.2-14.0 μg kg-1, simazine 17.7- 34.8 μg kg-1, BAM 5.3-32.4 μg kg-1
** in surface soils 18:1μ9c excluded
*** in surface soils i-19:0 is included
34
4.4 MICROBIAL COMMUNITY COMPOSITIONS WITH  
 PESTICIDE CONTAMINATION
4.4.1 Atrazine contaminated groundwater deposits
The quantities of PLFAs, GLFAs, and NLFAs, and calculated microbial cell numbers 
showed no significant difference between clean and atrazine-contaminated 
???????????????????????????????????????????????????????????????????????????????
lake water was excluded (I, III). In microbial lipids, the indicators for stress and slow 
growth (percentages of cyclopropane FAs and cy/pre) were low. In addition, the 
ratios of unsat/sat and average C numbers showed high microbial activity (Table 2 
a, b). As a result, the microbial communities in study environments were stabilized 
and microbes were adapted to atrazine (III). Only some changes in microbial lipid 
????????????????????????????????????????????????????????????????????????????
years after application. Atrazine sale in Finland was banned in 1992. In PLFAs, 
????????????????????????????????????????????????????????????????????????????????????
??????????????????????? ???ratios of iso-branched acids to anteiso-branched FAs in 
PLFAs were greater in atrazine-polluted deposits than in clean ones. The increase 
in iso-branched acids in atrazine-contaminated sites could be due to the use of the 
isopropyl group of degraded atrazine as a priming molecule in FA biosynthesis. 
These results are in agreement with earlier documents showing that atrazine had 
effects on microbial communities in soil as well as in aquifer (Seghers et al. 2003, 
Iker et al. 2010). The impacts of atrazine contamination in GLFAs and NLFAs were 
minor compared to the PLFAs (III). 
4.4.2 DDT, HCB and PeCA contaminated surface soils
These results showed that soil OM content was the key factor affecting microbial 
biomass in pesticide-contaminated surface soils. The long-term DDT, PeCA, and 
PeCA and HCB contamination had no effects on microbial biomass or the quantities 
of GLFAs and NLFAs (Fig.3 A, B, Fig.4 A, B). These results are consistent with 
earlier documents with short-range pesticide contamination (Widenfalk et al. 2008).
The amount of PLFAs in DDT, PeCA, and HCB contaminated surface soils varied 
between 9 to 63 μg g-1 . The quantities of GLFAs and NLFAs ranged from 3 to 22 
μg g-1, and from 13 to 66 μg g-1, respectively. In uncontaminated control soils of old 
market gardens the quantity of PLFAs was between 5 to 45 μg g-1, that of GLFAs 
between 6 to 25 μg g-1, and that of NLFAs between 8 to 72 μg g-1 (IV).
Pesticide effects on microbial community composition were minor compared 
to those of soil OM content and vegetation, nonetheless some adaptive changes 
????????????????????????????????????????????????????????????????????????????????
compared to those of control soils. The pesticide effects seemed to be rather similar 
between DDT, PeCA, and HCB contaminated soils, however, the fate of these 
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pesticides was different due to OM content of the soil where it was released. The 
results revealed that DDT and its residues persisted in higher concentrations in 
sandy soil with low OM content (≤5.1 % dry wt) causing only scarce impacts on 
FA profiles, while the occurrence was contrary in soils with higher OM content 
(≥7.3 % dry wt). PeCA and HCB remained in greater concentrations in soils with 
higher OM content (≥5.8 % dry wt), where their impacts on FA profiles were 
more numerous than in sandy soils (OM≤5.3 % dry wt) (IV). The bioavailablity 
of xenobiotics has generally been shown to reduce due to sorption to soil OM and 
also with time (Chaplain et al. 2011, Sudharshan et al. 2012). 
The changes in FA profiles, such as the lower percentages of cyclopropane FAs, 
the ratios of cy/pre, and lower average C numbers, as well as the higher ratios of 
unsat/sat in contaminated soils, were favourable to microbes, indicating more active 
microbial populations in pesticide-containing soils than controls. This suggests that 
the toxicity of DDT, PeCA, and HCB to microbes had decreased during decades 
(Sudharshan et al. 2012). These results showed that the effects of long-term DDT, 
PeCA, and HCB pollution could be rather estimated by the modifications in microbial 
communities than by changes in lipid quantities (Westergaard et al. 2001, IV)
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Fig. 3.  PLFA, GLFA, and NLFA quantities in DDT contaminated surface soils (old market gardens) with increasing 
OM content (% dry wt) (A), and with increasing DDT concentration (µg g-1 OM) (B). 
 
   
Fig.4. PLFA, GLFA, and NLFA quantities in PeCA and HCB contaminated surface soils (old market gardens) with 
increasing OM content (% dry wt) (A), and with increasing PeCA and HCB concentration (µg g-1 OM) (B). 
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Fig. 3. PLFA, GLFA, and NLFA quantities in DDT contaminated surface soils (old market gardens) with 
increasing OM content (% dry wt) (A), and with increasing DDT concentration (µg g-1 OM) (B).
5
36
?  
0
20
40
60
80
100
120
0.8 1.3 5.3 5.8 8.0 9.4
L
ip
id
s μ
g 
g-
1
OM % dry wt
PLFA GLFA NLFA
0
20
40
60
80
100
120
0 0 1.2 2.7 5.3 6.8
L
ip
id
s μ
g 
g 
-1
HCB and/or PeCA μg g-1 OM
PLFA GLFA NLFA
A B?
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with increasing OM content (% dry wt) (A), and with increasing PeCA and HCB concentration (μg g-1 OM) (B).
4.5 DEPEDENCE OF PESTICIDE DEGRADATION ON MICROBIAL  
 COMMUNITY COMPOSITION AND ENVIRONMENTAL FACTORS
The indigenous microbes from clean groundwater pipe A degraded atrazine rapidly 
in aerobic laboratory experiments, while in the other deposits slow anaerobic 
degradation occurred (I). The enhanced biodegradation in pipe A cannot be 
explained by higher microbial biomass or cell numbers, though high biomass has 
been considered to be a sign of potential biodegradation (Holden and Fierer 2005) 
(III). Microbial community composition differed slightly between pipe A and the 
????????????????????????????????????????????????????????????????????????????????
percentages of Gram-positive bacteria (iso- and anteiso-branched acids) and fungi 
?????????????????????????????????????????????????????????????????????????????????
of Gram-negative bacteria (monounsaturated FAs) in GLFAs, were nearly highest 
????????????????? ????????????????????????????????????????????????????????????????
composition of the atrazine degraders, though it could be suggested that Gram-
positive bacteria and fungi have taken part in atrazine biodegradation (III).
It has been suggested that low values of physiological indicators, such as the 
ratios of cyclopropyl FAs to their monoenoic precursors could be indicators for 
potential biodegradation in contaminated groundwater environments (Green and 
Scow 2000). However, the percentages of the cyclopropane FAs were extremely 
small in drilling sediments and groundwater deposits (Table 2 a, b, c) and could not 
be reliably measured, so they seemed to be inappropriate for indicators of future 
biodegradation in these environments (II, III). On the other hand, the average C 
numbers describing the FA length, and the ratio of unsaturated to saturated FAs 
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could be reliably calculated also in drilling sediments and groundwater deposits 
in PLFAs, GLFAs, and NLFAs. Consequently, the low average C numbers and 
high unsat/sat ratios signifying high microbial activity might be useful, when the 
possibilities of pesticide biodegradation are widely observed (Table 2 a, b, c, II, 
III, IV). 
The laboratory experiment showed that microbes were successful in atrazine 
biodegradation with low nutrient contents (Holden and Fierer 2005, I). The higher 
OM content in contaminated deposits of this study could not be related to atrazine 
dissipation. The higher OM content in PeCA and HCB contaminated surface soils 
seemed to prevent the biodegradation of PCNB. On the other hand, the higher soil 
OM content in DDT-contaminated surface soils seemed to activate the microbial 
population and might possibly contribute to DDT degradation in surface soils (IV). 
The nearly optimal C/N-ratio and the slightest depth from the water table (0.8 m) 
????????????????????????????????????????????????????????????????????????????????
results support the assumption that fungi might have participated in atrazine 
biodegradation in pipe A (III). On the other hand, the high amount of nitrogen 
and NH4 in pipe B might have hindered atrazine biodegradation due to inhibiting 
impact of exogenous nitrogen in atrazine biodegradation (Rhine et al. 2003). In 
pipe C, the amounts of inorganic elements were higher than in other pipes, which 
might have had negative impacts on atrazine degrading microbes (III). 
Pesticide biodegradation fails to occur if the necessary genes are absent. The genes 
for pesticide degradation activity have evolved over time with long-term pesticide 
contamination (Weiss and Cozzarelli 2008, Krutz et al. 2010). Soil bacteria have 
been reported to be able to biodegrade s-triazines, and BAM (Shapir et al. 2007, 
Holtze et al. 2008). However, DDT and its metabolites as well as HCB and PeCA, 
have remained for decades in old market garden soils in Finland, and therefore 
their natural biodegradation in similar environments is unlikely. Consequently, 
more researches are required in order to achieve bioremediation of DDT and 
PCNB residues in soils (IV).
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5 CONCLUSIONS
????? ???????????????????????????????????????????? ???????????????????????????
microbial lipids (PLFAs, GLFAs, and NLFAs) and community composition. With 
depth, soil OM content generally declined resulting in reduced microbial biomass 
and cell numbers. The variations in microbial biomass and cell numbers were 
the greatest on the top soil layers and less in the deeper sediments. Generally the 
quantity of PLFAs was higher than that of GLFAs but lower than the quantity of 
NLFAs. However, in groundwater deposits and deep drilling sediments phosphorous 
limitation or the growth of Gram-positive bacteria possibly caused higher GLFA 
quantities compared to PLFAs. The quantity of NLFAs seemed to depend on the OM 
content and amount of carbon in deposits. The stressful conditions in subsurface 
soils could be most reliably detected with the ratio of unsat/sat and average C 
numbers due to the portions of trans-monounsaturated and cyclopropane FAs were 
extremely low in drilling sediments. High portions of cyclopropane FAs and low 
portions of saturated straight-chain FAs were related to organic soil type, especially 
in GLFAs and NLFAs. 
These results showed that long-term pesticide contamination in surface soils 
had minor impacts on microbial community composition compared to other factors 
such as soil type and OM content. In soils with low OM content, the microbial 
community structures of DDT contaminated samples resembled those of control 
soils more than in soils with higher OM content. The occurrence with PeCA and HCB 
contamination was the opposite compared to DDT. The differences between DDT, 
PeCA and HCB contaminated and control soils were due to microbial adaptation 
more than changes in microbial community composition, and were found in low 
proportions of cyclopropane FAs and the low ratios of cy/pre. Nonetheless, these 
results showed that DDT, HCB, and PeCA had an activating effect on micro-
organisms regardless of soil type. The long-term impacts of atrazine were found in 
changes of the abundance of some monounsaturated FAs and increased proportions 
of iso-branched FAs. No effects of atrazine, DDT, PeCA, and HCB contamination 
could be detected in changes of microbial biomass calculated by PLFAs or the 
quantities of GLFAs and NLFAs. 
Microbial community composition observed by PLFAs may give some clues 
?????????????????????????????????????? ???????????????????????????????????????
microbial community composition could not be found by lipid analysis. Microbes 
in the long-lasting pollution samples seemed to be adapted to pesticides due to 
??????????????????????????????????????????????????????????????????????????????????????
long-term pesticide contamination, the low ratio of cy/pre could be an appropriate 
indicator for potential biodegradation. Instead, in deep drilling sediments and 
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groundwater deposits, the ratios of cy/pre seemed to be unreliable in predicting 
future biodegradation. These results revealed that microbial activity detected by 
?????????????????????????????????????????? ????? ?????????????????? ????????????
in certain groundwater monitoring pipes and triazines and BAM-contaminated 
shallowest sediments, and higher with DDT, HCB, and PeCA contaminated surface 
soils than in clean controls. As a result, the ratios of unsat/sat and the average C 
numbers signifying the FA chain length might be useful to predict the possibilities 
of biodegradation. 
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